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INTRODUCTION 

The National Cancer Institute is supporting a program of accelerator develop
ment at the Los Alamos Scientific Laboratory aimed at the extension of proton linac 
technologies to produce the most suitable Pion Generator for Medical Irradiations 
(PIGMI). An optimized design of a pion generator suitable for a radiotherapy pro
gram at a major medical center has been established, consisting of a 250-keV injec
tor, followed by a 35-meter-long drift-tube linac that accelerates the proton beam 
to 150 MeV, and an 85-meter-long coupled-cavity linac that accelerates the beam to 
its final energy of 650 MeV, where the average beam current of 100 microamperes 
impinges on one or more targets producing abundant quantities of π- mesons for 
radiotherapeutic applications. 

A number of extensions to proton linac technology are being pursued under the 
PIGMI program at LASL./1/ This paper concentrates on recent developments in three 
areas relevant to the acceleration and focusing of proton beams, namely, the alter
nating phase focused (APF) linac structure, the disk and washer linac structure, 
and small permanent magnet quadrupole lenses. The APF linac structure is being 
developed for the acceleration and focusing role from the injection energy of 250 
keV to a few MeV, where a transition is made to a permanent magnet quadrupole 
focused linac structure. The disk and washer linac structure is under considera
tion for the high velocity portion of the design. 

THE APF LINAC STRUCTURE 
The higher radio frequency (450 MHz) and lower injection energy (250 keV) of 

the PIGMI linac design seriously compound the problem of beam containment in the 
first few meters of the structure. The conventional quadrupole-focused drift-tube 
linac cannot provide the required focusing in this region because of the low vel
ocity of the protons and the limited space available for magnetic quadrupoles. 

The prime contender to satisfy the accelerating and focusing requirements in 
the region below 5 MeV is the concept of alternating phase focusing./2-6/ Arrays 
of such structures have been developed/7/ which shows promise for acceleration of 
protons at higher frequencies and from lower energies than currently possible with 
magnetically focused drift-tube linacs. In these structures, the transverse, as 
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well as the longitudinal, focusing forces are produced by the rf fields. By 
arranging the drift-tube lengths, and hence gap positions, in an appropriate way, 
in a more or less conventional standing wave drift-tube linac, the particles can be 
made to experience acceleration and a succession of focusing and defocusing forces 
which result in satisfactory containment of the beam in the six-dimensional phase 
space without dependence on additional focusing fields. 

In these structures, the gap-to-gap distances are arranged in such a way that 
the particles are exposed to the rf fields at some periodic sequence of phase val
ues alternating from side to side of the peak accelerating phase. This periodic 
modulation in the gap-to-gap distance implies a periodic modulation in the drift 
tube and gap geometries. These geometries must satisfy a number of constraints 
related to the dynamics of the particles which are to be accelerated, the resonant 
frequency of the resulting structure, and certain convenient symmetries./8/ 

The beam dynamics computer program, PARMILA, has been modified to generate 
complete geometrical descriptions of APF structures based on calculations of the 
particle dynamics, and tables of data from the rf field calculational program, 
SUPERFISH./9/ Figure 1 shows a selection of the drift tube profiles generated in 
this manner for the 64 cells of the PIGMI Prototype, which is currently under 
mechanical design. This structure begins as a pure APF structure and ends, after 
the introduction of permanent-magnet quadrupole lenses, as a conventional drift-tube 
linac./10/ 

Progress to date has been based on the assumptions that the rf fields are 
symmetrical about the center of the gaps, and that the peak voltages on the gaps 
are the product of the cell length times an average axial electric field, which is, 
at most, a slowly varying monotonic function of axial position. These assumptions 
are now being tested by both calculations and measurements of the rf field distri
butions in multicell cavities of the APF type. 

Figure 2 shows the electric field distribution in an eight-cell APF tank as 
calculated by SUPERFISH. A model of this same geometry is being fabricated, and 
the axial field distribution will be measured by the bead perturbation technique. 

Fig. 1. Selection of drift tube profiles for the PIGMI Prototype. 
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The axial electric fields were evaluated for the field distribution shown in 
Fig. 2. These fields were then integrated with the proper weighting factors to 
evaluate the average axial electric field, the location of the field centroid, and 
the transit time factor for each of the eight cells. 

Even though the cell lengths vary by almost a factor of two, the average axial 
electric field is constant to better than 0.5 percent, the centroids of the fields 
coincide with the gap centers to better than 0.01 cm, and the transit time factors 
agree with those interpolated from half-cell SUPERFISH data to about 0.3 percent. 

The geometry of Fig. 2 is made up of 72 straight and circular line segments, 
the positions of which effect the resulting resonant frequency. These dimensions 
were chosen on the basis of half-cell SUPERFISH runs to produce a cavity with a 
resonant frequency of 450 MHz. The resulting resonant frequency was 449.11 MHz. 

THE DISK AND WASHER LINAC STRUCTURE 

The efficiency of the drift-tube linac structure drops significantly for par
ticle velocities in excess of half the velocity of light. In the region of β = 0.5 
to β = 1.0, coupled-cavity structures promise better efficiencies for acceleration. 

LAMPF is the only major facility to employ such a structure for the accelera
tion of protons. It uses the so-called "side-coupled" structure invented by Knapp 
and Nagle at LASL for this application./11/ 

More recently, V. G. Andreev of the Radio Technical Institute, Moscow, has 
discovered and developed the "disk and washer" linac structure./12/ It, too, can be 
considered as a biperiodic chain of coupled cavities operating in the π/2 mode. 

Two versions of this structure, under investigation at LASL for the high-energy 
portion of the PIGMI design,/13/ are shown in Fig. 3. The first (DAW1) has 
a planar geometry for the outer portion of the washer, whereas the second (DAW2) 
has a flared rim for the outer portion of the washer. Both have the same nose cone 

Fig. 2. Eight-cell APF tank with 
fields. 

Fig. 3. Disk and washer structure 
(two models). 

297 



geometry near the axis. The primary advantage of the second is the smaller cavity 
diameter, and a reduction of field strength in the vicinity of the washer supports. 

The effective shunt impedance of the disk and washer structure can be within a 
few percent of that of the LAMPF side-coupled structure, when the losses associated 
with the coupling slots and cavities of the latter are included. The major advan
tage of the disk and washer structure is its very high cell-to-cell coupling coef
ficient, which is approximately 50%, or ten times that of LAMPF. This should 
result in structures that are less sensitive to manufacturing tolerances, and less 
sensitive to beam loading effects, than any other known structure with comparable 
efficiency. 

When the structure is terminated at the mid-gap location, it supports a stand
ing wave mode with a strong longitudinal electric field on the axis to serve as the 
accelerating mode. When the structure is terminated at the mid-washer location, it 
supports a standing wave mode with most of the stored energy in the outer portion 
of the cavity to serve as a coupling mode. For the maximum field stability in the 
accelerating mode, the geometry must be chosen so that the frequencies of these two 
modes are the same, implying confluence of the dispersion curve at the π/2 modes. 

A most interesting feature of the disk and washer structure is that the entire 
structure, complete with coupling, has axial symmetry and lends itself to detailed 
analysis by the rf field calculational program, SUPERFISH. 

A whole family of modes for a multicavity system are shown in Fig. 4. The 
mode designations are based on the biperiodic chain description, where the 

Fig. 4. Family of modes from the disk and washer mode spectrum. 
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accelerating cavities are interlaced with coupling cavities, and the mode value is 
the phase shift between nearest neighbors. The basic geometry in Fig. 4 represents 
one full accelerating cell, two half accelerating cells, and two full coupling 
cells. The modes which are odd multiples of π/8 have nonphysical (Dirichlet) 
boundary conditions on the right-hand side, and can only be excited in physical 
cavities of twice the length. The mode spectra for these modes has the classic 
shape, and exhibits a very wide pass band of 900 MHz, corresponding to a coupling 
coefficient of about 66%. 

PERMANENT MAGNET QUADRUPOLE LENSES 
Permanent magnet quadrupole lenses are being developed for the drift tubes of 

the PIGMI linac design./4/ The drift tube diameters are in the range of 7 to 8 cm 
with a maximum bore radius of 1 cm. The maximum quadrupole gradient for the design 
is 7 kG/cm and occurs in the low energy end where the drift tubes are quite short. 
The shortest quadrupole lens with the maximum gradient is in the 43rd drift tube of 
the PIGMI Prototype which has a diameter of 8 cm, a length of 2.1 cm and a bore 
radius of 0.6 cm. Studies to date have concentrated on short, high-gradient quad
ruples of this approximate size. 

Figure 5 shows the geometrical cross sections of two designs which are cur
rently being investigated. One has circular poles of permanent magnet material, 
magnetized along a diameter and set in a soft iron return yoke. The other has 

Fig. 5. Permanent magnet quadrupole lens geometries and calculated fields. 
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trapezoidal poles of permanent magnet material, set in a soft iron yoke, and capped 
with soft iron poles having stepped profiles. 

A family of five yoke assemblies of the circular pole geometry have been fab
ricated for a pole radius of 0.964 cm, and a range of bore radii corresponding to 
pole-radii to bore-radii ratios of 1.00, 1.15, 1.30, 1.45 and 1.60. Seventy-two 
circular poles of three different permanent magnet materials have been procured. 
One yoke assembly of the stepped pole geometry is being fabricated, and 16 trape
zoidal pole pieces are being procured. 

The permanent magnet materials that have been investigated are an oriented 
Alnico-V, a barium ferrite ceramic (INDOX-5), and a rare-earth samarium cobalt 
(HICOREX-22). The latter two have very linear BH curves in the second quadrant 
with BH intercepts of 3.8, -3.8 and 9.3, -9.3 kilogauss, kilooersteds respectively. 

A new computer code, PANDIRA/15/, was developed to aid in the design and 
analysis of magnetic circuits including permanent magnet materials. The program 
solves anisotropic magnetostatic circuits by a "direct method" algorithm. The 
field patterns shown in Fig. 5 were produced by PANDIRA. The permanent magnet 
materials are described to the program by the BH curve in the second quadrant, the 
direction of the "easy axis" for magnetization, and the permeability perpendicular 
to this "easy axis". 

The magnetic field gradients and multipole field harmonics have been measured 
for all combinations of the five circular pole geometries and the three magnet 
materials. These same quantities have been calculated by PANDIRA for the same five 
geometries and the latter two Materials. Table I presents a comparison of these 
measured and calculated values. The multipole harmonics are expressed as ratios to 
the quadrupole (N=2) harmonic normalized to the bore radius. Quadrupole gradients 
in excess of 10 kG/cm have been achieved for the stronger material and the smaller 
bore radii. 

The stepped pole geometry has been studied with PANDIRA, and the step dimen
sions have been chosen so as to eliminate the N=6 and N=10 multipole harmonics. 
These harmonics will be measured when the corresponding model is available. 
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TABLE I 
MEASURED AND CALCULATED GRADIENTS AND MULTIPOLES FOR 
FIVE CIRCULAR POLE PERMANENT MAGNET QUADRUPOLE LENSES 

Rp/Rb 1.00 1.15 1.30 1.45 1.60 
Bore Radius .964 .838 .741 .665 .602 

Meas. Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas. Calc. 
Material - Alnico-V 
Gradient 1.11 1.47 1.69 2.14 2.41 
N = 6 .2000 .1420 .1280 .1160 .1000 
N = 10 .0510 .0400 .0420 .0420 .0340 
N = 14 .0260 .0150 .0190 .0230 .0210 
Material - Barium Ferrite INDOX-5 (Indiana General) 
Gradient 2.49 2.34 3.04 2.89 3.59 3.37 4.28 3.72 4.77 4.27 
N = 6 .1420 .1475 .1050 .1175 .0840 .0908 .0720 .0616 .0550 .0580 
N = 10 .0130 .0155 .0060 .1120 .0030 .0081 <.0070 .0055 <.0030 .0079 
N = 14 <.0020 .0038 .0014 .0038 .0010 .0037 <.0090 .0057 <.0020 .0068 
Material - Samarium Cobalt HICOREX 22 (Hitachi Maqnetics Corp.) 
Gradient 6.13 5.89 7.42 7.10 8.64 8.28 10.10 9.42 11.10 10.51 
N = 6 .1580 .1545 .1180 .1172 .0900 .0903 .0810 .0710 .0650 .0567 
N = 10 .0170 .0166 .0090 .0100 .0060 .0066 .0060 .0046 .0030 .0051 
N = 14 .0023 .0025 .0012 .0019 .0006 .0015 <.0031 .0023 .0006 .0031 
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Д И С К У С С И Я 

Ivan Enchevich: Can you t e l l us , do you have any i n d i -
ca t ions about the s t a b i l i t y of  the permanent magnets under the 
i r r a d i a t i o n i n t o the acce l e r a to r ? 

D.A.Swenson: Yes, the re are data tha t i n d i c a t e tha t the 
magnetic p rope r t i e s of  permanent magnet m a t e r i a l s are adequately 
s t a b l e under i r r a d i a t i o n condi t ions of  the a c c e l e r a t o r . 

C.К.Есин: Какова полезная апертура квадруполей с постоянны-
ми магнитами, имеющих градиент 11 кГс/см? 

D.A.Swenson: This magnet has a pole t i p diameter of  1.2 cm. 
G.Willax: Do you have a cost es t imate for  the a c c e l e r a t o r , 

inc luding i t s con t ro l system (excluded primary s u p p l i e r l i k e 
e l e c t r i c i n s t a l l a t i o n , cool ing system, e t c . ) ? 

D.A.Swenson; Prel iminary es t imates of  the cos t s of  the ac -
c e l e r a t o r components, inc luding i t s con t ro l system, and bas ic 
bu i ld ing s t r u c t u r e are about 8 M. 

H.B.Лазарев: Испытывались ли квадрупольные линзы стержне-
вой конструкции или только линзы с цилиндрическими по - лисами? 

D.A.Swenson: At the present t ime, only the c i r c u l a r pole 
model has been fabr ica ted  and t e s t e d . A model of  the stepped pole 
geometry i s c u r r e n t l y i n f a b r i c a t i o n ,  and w i l l be t e s t e d . 

В.П.Джелепов: Имеются ли в США постоянные магниты на гра-
диенты больше чем 11,5 кГс/см? 

D.A.Swenson; No, not t ha t I know of. 
В.А.Тепляков: Как сделана оценка возможного значения ус-

коренного тока (30 мА) в IIИГМИ? 
D.A.Swenson: The 30 mA t h a t I mentioned i s a goal for  an 

eventual PIGMI des ign. The present s t r u c t u r e t h a t we are bu i ld ing 
should accommodate ha l f  of  t h a t based on computer s imula t ion c a l -
c u l a t i o n s with space charge. 


